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Key Points

 The expression of MondoA was decreased in the renal tubules of patients with CKD.

» Genetic ablation of MondoA in proximal tubules inhibited autophagy and increased vulnerability to AKI through increased
expression of Rubicon.

* MondoA ablation during the recovery phase after ischemia-reperfusion aggravated kidney injury through downregulation of
the transcription factor EB-peroxisome proliferator-activated receptor-y coactivator-1a axis.

Abstract

Background Elderly individuals and patients with CKD are at a higher risk of AKI. The transcription factor MondoA is
downregulated in the kidneys of aged individuals or patients with AKI; however, its roles in AKI development and the
AKI-to-CKD transition remain unknown.

Methods We investigated the expression of MondoA in human kidney biopsy samples, ischemia-reperfusion—injured
(IRI) mouse kidneys, and cultured proximal tubular epithelial cells under hypoxia/reoxygenation. The role of MondoA
during the initial and recovery phases after IRI was evaluated using proximal tubule-specific MondoA knockout mice and
MondoA-deficient proximal tubular epithelial cells. Furthermore, we explored the involvement of Rubicon and tran-
scription factor EB (TFEB), both of which are downstream factors of MondoA.

Results MONDOA expression was decreased in the renal tubules of patients with CKD. In mouse kidneys, MondoA
expression was decreased under ischemia, whereas its expression was increased during reperfusion. Genetic ablation
of MondoA in proximal tubular epithelial cells inhibited autophagy and increased vulnerability to AKI through
increased expression of Rubicon. Ablation of Rubicon in MondoA-deficient IRI kidneys activated autophagy and
protected mitochondrial function. MondoA ablation during the recovery phase after ischemia-reperfusion aggravated
kidney injury through downregulation of the TFEB-peroxisome proliferator-activated receptor-y coactivator-la axis.
Pharmacological upregulation of TFEB contributed to maintaining mitochondrial biogenesis and increased peroxi-
some proliferator-activated receptor-y coactivator-la transcription.

Conclusions Our findings demonstrate that MondoA protected against vulnerability to AKI by maintaining autophagy and
subsequently supporting mitochondrial function to prevent progression to CKD.
JASN 00: 1-19, 2024. doi: https://doi.org/10.1681/ASN.0000000000000414
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Introduction development of CKD and kidney failure,>* thus giving
AKI is a high-risk condition associated with elevated mor-  rise to the concept of the AKI-to-CKD transition. The risk of
tality and mobility rates and high hospitalization costs.'2 CKD progression after AKI is influenced by the severity
Although previously thought to be reversible, AKI is now and duration of AKI and patient characteristics in the acute
widely known to be an important risk factor for the phase. Epidemiological studies have demonstrated that

Due to the number of contributing authors, the affiliations are listed at the end of this article.
Correspondence: Dr. Takeshi Yamamoto, email: tyamamoto@kid.med.osaka-u.ac.jp

Received: October 31, 2023 Accepted: May 24, 2024
Published Online Ahead of Print: May 31, 2024

S.M. and S.S. contributed equally to this work.

JASN =: 1-19, mmm, 2024  Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Society of Nephrology 1



https://orcid.org/0000-0002-8912-2316
https://orcid.org/0009-0007-3817-0557
https://orcid.org/0000-0001-5043-3435
https://orcid.org/0000-0002-6049-7616
https://orcid.org/0000-0003-1492-6157
https://orcid.org/0000-0002-0529-9350
https://orcid.org/0000-0002-1146-5079
https://orcid.org/0009-0003-2136-0507
https://orcid.org/0000-0001-8378-6130
https://orcid.org/0000-0003-1625-493X
https://orcid.org/0000-0002-8782-9852
https://orcid.org/0000-0002-6522-6233
https://orcid.org/0000-0002-0339-9008
https://orcid.org/0000-0003-1381-4604
https://orcid.org/0000-0002-1488-8317
https://orcid.org/0000-0002-0820-7167
https://doi.org/10.1681/ASN.0000000000000414
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:tyamamoto@kid.med.osaka-u.ac.jp

8L +AWAOANDYMBRAAAAVYO/FOAEIOVIASALLIAIPOOAEIEAHIDII/AO AU

MY TXOMADUYOIAXYOHISABZIYT0+eyNIOITWNOIZTARY HAOSHAAUE AQ USel/wod mm| sjeunol:dny wouy papeojumoq

¥20¢/TT/L0 uo

BASIC RESEARCH | www.jasn.org

elderly individuals and those with preexisting CKD are
more vulnerable to AKI and exhibit a higher incidence of
severe CKD (AKI on CKD).3>¢ This susceptibility can be
attributed to both reduced renal reserve due to age-related
morphologic and functional changes and exposure to a
variety of nephrotoxic drugs for the management of pre-
existing disease. The precise cellular and molecular mech-
anisms underlying the AKI-to-CKD transition and disease
progression in patients with CKD are largely unknown.
However, there is no doubt that vulnerability to AKI is
exacerbated in these populations.

Our previous research highlighted the significance of
macroautophagy/autophagy of proximal tubular epithelial
cells in terms of reducing the vulnerability to AKL”° In ad-
dition, autophagy plays a key role in counteracting the pro-
gression of chronic pathological conditions, including kidney
aging!'® and metabolic syndrome-related diseases.'-13 How-
ever, autophagy is dysregulated during aging, obesity, and
diabetes, which promotes kidney disease progression, partly
through mitochondrial dysfunction.’%* Thus, to prevent dis-
ease progression in patients with CKD, it is critically important
to elucidate the mechanisms behind their vulnerability to AKI.

Recent findings indicate that MLX interacting protein
(MLXIP), which encodes MondoA, delays cellular senes-
cence, at least in part, by activating autophagy through
suppression of run domain beclin-1-interacting and
cysteine-rich  domain-containing  protein (RUBCN)/
Rubicon, a negative regulator of autophagosome matura-
tion.’> Decreased MONDOA expression is correlated with
human kidney aging and ischemic AKI.?>1® MondoA and its
obligate transcription partner Mlx are basic helix-loop-helix
leucine zipper transcription factors that sense and execute a
glucose-responsive transcriptional program.'”-1® Intrigu-
ingly, studies in Caenorhabditis elegans have unveiled a
Myec-like helix-loop-helix transcription factor network, com-
prising the Mondo/Max-like complex (MML-1/MXL-2),
that is required for longevity induced by germline re-
moval.!'® Moreover, by downregulating mechanistic target
of rapamycin (mTOR) signaling, MML-1/MondoA regu-
lates the nuclear localization and activity of helix-loop-helix-
30/transcription factor EB (TFEB), a convergent regulator
of autophagy, lysosome biogenesis, and longevity.!*-2°
Nevertheless, research on MondoA has predominantly
focused on cultured cells, particularly malignant cells,
leaving the precise role of MondoA in kidney disease
progression largely unexplored.

In this study, we hypothesized that diminished MON-
DOA expression in the kidneys of patients with CKD would
heighten their vulnerability to AKI, impairing recovery and
expediting the AKI-to-CKD transition. Therefore, we first
analyzed MONDOA expression in the kidneys of patients
with CKD. We then investigated the dynamics of MondoA
expression, its transcription activity, and its roles in prox-
imal tubular epithelial cells during both AKI and the AKI-to-
CKD transition, with a focus on Rubicon and TFEB.

Methods

Cell Culture

Isolation and immortalization of proximal tubular epithelial
cells was performed as previously described with some
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modifications.” In brief, MondoA-floxed proximal tubular
epithelial cells were isolated from 3-week-old mice and
immortalized by using pEF321-T, an SV-40 large T antigen
expression vector. Cells derived from a single colony were
transfected with the pCAG-Cre vector (Addgene, 13775) to
construct MondoA-deficient proximal tubular epithelial cell
lines by using Lipofectamine3000 (Thermo Fisher, Courta-
boeuf, France), followed by puromycin selection. We used
Cre-negative MondoA-floxed proximal tubular epithelial
cells as a control. Rubicon-deficient proximal tubular epithe-
lial cells were isolated and immortalized as described
previously.?!22. MondoA knockdown in Rubicon-deficient
proximal tubular epithelial cells was conducted as described
previously using MISSION short hairpin RNA Lentiviral
Transduction Particles (Sigma-Aldrich, Saint Louis, MO,
TRCN0000124922) with puromycin (Wisent, QC, Canada,
450-162-XL) selection.?® Briefly, virus-containing superna-
tants were added to proximal tubular epithelial cells in
permissive conditions for 16 hours. Puromycin was added
48 hours later, and puromycin-resistant cells were pooled
for further experiments. Proximal tubular epithelial cells at
passage 3-10 were used in all the experiments. Proximal
tubular epithelial cells were cultured in low-glucose DMEM
(Nacalai Tesque, Kyoto, Japan, 08456-65) with 5% FBS
(Sigma-Aldrich, F7524) at 37°C under a humidified atmo-
sphere of 5% CO, and 95% air. To confirm the deficiency of
MondoA, proximal tubular epithelial cells were treated with
10 mM of 2-deoxy-D-glucose (2DG, Sigma-Aldrich, D8375)
for 2 hours. To assess autophagic activity, proximal tubular
epithelial cells were treated with 200 nM of bafilomycin A,
(Cayman Chemical, Ann Arbor, MI, 11038) for 1 hour at
37°C before harvest. In hypoxia/reoxygenation (H/R) ex-
periment, proximal tubular epithelial cells were supplemen-
ted with fresh low-glucose DMEM with 5% FBS, followed by
transferring to a hypoxic incubator (PHC, Tokyo, Japan,
MCO-5MUV-PJ) under an atmosphere with 1% O,, 5% CO,,
and 94% N for 6 hours. Then, they were transferred back to
the normoxic incubator under an atmosphere with 21% O,.
After reoxygenation for 3 hours, the cells were collected.
Cells cultured in DMEM medium supplemented with 5%
FBS without H/R were collected as the control samples. To
enhance TFEB nuclear translocation, proximal tubular epi-
thelial cells were treated with 50 mM of trehalose (Sigma-
Aldrich, T0167). To investigate the effect of peroxisome
proliferator-activated receptor-vy coactivator-la (PGCla) ac-
tivation, proximal tubular epithelial cells were treated with
20 uM of ZLN005 (MedChemExpress, Monmouth Junction,
NJ, HY-17538).

Analysis of Murine Mixip and Downstream Factor Gene
Expression in Single-Cell RNA Sequencing Dataset

Mlixip and downstream factor gene expression was ana-
lyzed with the published single-cell RNA sequencing
dataset for mouse kidneys with ischemic reperfusion in-
jury (GSE180420)?* on R package Seurat (v4.1.0). Proximal
tubular cells (S1 and S3) in kidneys of control, short
ischemia-reperfusion injury (IRI) (23 minutes), and long
IRI (30 minutes) samples were extracted and reanalyzed to
visualize change in the Mixip, Txnip, arrestin domain
containing 4 (Arrdc4), Rubcn, Tfeb, and Ppargcla expres-
sion pattern along with time course for each subtype after
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ischemic reperfusion injury. The dot plot was produced
using DotPlot() function. We performed differential ex-
pression analysis of Mlxip between short IRI and long IRI
in the S1 and S3 segments across time course using Find-
Markers() function with parameter test.use=wilcox.

Mice

Green fluorescent protein-microtubule-associated protein 1
light chain 3 (GFP-MAP1LC3) transgenic mice, MondoA™,
kidne/}/ androgen-regulated protein-Cre (KAP) mice, Rubi-
con ™*; KAP mice and TfebF/F ; and N-myc downstream-
regulated gene 1 (NDRG1)-Cre™ " mice on a C57BL/6N
background have been described previously.”/1315.21,25
Proximal tubule-specific MondoA-deficient and Rubicon-
deficient mice were generated by crossing mice bearing a
MondoA flox allele with Rubicon™; KAP mice. Tamoxifen-
inducible proximal tubule-specific MondoA-deficient mice
(MondoA™; NDRG1) were generated by crossing mice
bearing a MondoA flox allele with NDRG1-Cre™ ™ mice.26
Only male mice were used in this study. Mice were housed
in box cages, maintained on a 12-hour light/12-hour dark
cycle, and fed a chow diet (Oriental Yeast, Osaka, Japan)
ad libitum. To induce MondoA deletion in MondoA™;
NDRG1 mice, tamoxifen (Sigma-Aldrich, T5648; 0.1 mg/g
body weight) dissolved in corn oil (Sigma-Aldrich, C8267)
was injected at a concentration of 10 mg/ml 24 and 96
hours after IR operation. To investigate the effect of TFEB/
PGCla activation, vehicle, trehalose (Sigma-Aldrich,
T9531; dissolved in saline, 2 mg/g body weight, 3
days a week) or ZLN005 (MedChemExpress, HY-17538;
dissolved in 5% DMSO, 5% Tween 80, and 2.5% polyeth-
ylene glycol 400 in saline, 12 mg/g body weight, 3 days a
week) was intraperitoneally administered 48 hours after
IR. In an experiment assessing autophagic flux in vivo,
chloroquine (CQ) (Sigma-Aldrich, C6628; 50 mg/g body
weight) was injected intraperitoneally 6 hours be-
fore euthanasia.

Kidney IRI

Procedure of kidney IR and assessment of tubular injury
were described previously.”?” Experiments were per-
formed on 8- to 10-week-old male mice using littermate
controls by an operator blinded to genotype. In brief, the
animals were intraperitoneally anesthetized with butor-
phanol (5 mg/kg), midazolam (4 mg/kg), and medetomi-
dine (0.5 mg/kg) and were kept on a homeothermic table.
For unilateral or bilateral kidney IRI, left or both pedicles
were clamped for 35 minutes, respectively. The clamps
were released for reperfusion for the indicated times. Con-
trol animals were subjected to sham operation without
renal pedicle clamping.

Antibodies

We used the following antibodies: antibodies for
MondoA /MLXIP (Bethyl Laboratories, Montgomery, TX,
A303-195A), thioredoxin interacting protein (Cell Signal-
ing Technology, Beverly, MA, 14715), RUBCN (Cell Sig-
naling Technology, 8465 for mouse samples; Medical and
Biologic Laboratory, Nagoya, Japan, PD027 for human
samples), PGCla (Novus Biologicals, Centennial, CO,
NBP1-04676), LRP2 (LDL receptor related protein 2)/

MondoA in AKI and AKI-to-CKD, Maeda et al.

MEGALIN (a gift from Dr. Michigami, Department of
Bone and Mineral Research, Osaka Medical Center and
Research Institute for Maternal and Child Health, Japan),
TFEB (Bethyl, A303-673A for mouse samples; Cell
Signaling Technology, 37785 for human samples), Lamin
A/C (Cell Signaling Technology, 2032), glyceraldehyde-
3-phosphate dehydrogenase (GeneTex, Irvine, CA,
GTX100118), S6 ribosomal protein (Cell Signaling Technol-
ogy, 2217), phospho-S6 ribosomal protein (Ser235/236;
Cell Signaling Technology, 2211), actin beta (Sigma-Al-
drich, A5316), lysosomal-associated membrane protein 1
(LAMP1) (BD Biosciences, Franklin Lakes, NJ, 553792),
MAP1LC3B (for western blotting; Cell Signaling Technol-
ogy, 2775; for immunostaining; Medical and Biologic Lab-
oratory, PM036), COL1A1 (Abcam, Cambridge, United
Kingdom, ab34710), sequestosome 1 (SQSTM1)/p62 (Med-
ical and Biological Laboratory, PM045), PRDX3 (peroxir-
edoxin 3 [Prdx3]) (Abcam, Ab73349), vascular -cell
adhesion molecule 1 (VCAM1) (Abcam, Ab134047), bio-
tinylated secondary antibodies (Vector Laboratories, BA-
1000, BA-2001, BA-4000, and BA-7000) (Vector Laborato-
ries, Burlingame, CA), horseradish peroxidase—conjugated
secondary antibodies (DAKO, P0447, P0448, P0449, and
P0450) (DAKO, Glostrup, Denmark), and Alexa-
conjugated secondary antibodies (Thermo Fisher Scientific,
A21206, A21208, A21434, and A31572) (Invitrogen, Carls-
bad, CA).

Histological Analysis

Histological analysis was performed as described previously
with modifications.!® The following were also performed as
described previously: fluorescence and immunofluorescence
microscopy analysis in vitro,?® electron microscopy analysis,
succinate dehydrogenase (SDH) staining on fresh frozen
sections,?® Masson-trichrome staining,?® terminal deoxynu-
cleotidyl transferase-mediated digoxigenin-deoxy uridine
nick-end labeling staining, counting of GFP-MAP1LC3
dots, and assessment of kidney injury.!%!%2” Immunohisto-
chemical staining was performed on the paraffin-embedded
sections. After deparaffinization and rehydration, antigen
retrieval was performed by autoclaving in 0.01 mM citrate
buffer (pH 6.0)8 or Tris-EDTA buffer (10 mM Tris, 1 mM
EDTA, pH 9.0) for 10 minutes at 120°C. In particular, the
Tris-EDTA buffer was effective for achieving clear RUBCN
staining in human samples.3 For immunofluorescence
study for LC3 and LAMPI, the colocalization of LAMP1-
positive dots and MAP1LC3-positive dots was calculated
using National Institutes of Health Image] imaging soft-
ware. Autophagosomes were identified as ribosome-free
double-membrane or partially double-membrane vesicles
with identified cargo or contents of comparable density with
the surrounding cytosol; autolysosomes were identified as
single-membrane vesicles with contents at a density lower
than the surrounding cytosol and cargo suggestive of deg-
radation. For SDH staining, Masson-trichrome staining, and
COL1A1 staining, 5-10 nonoverlapping high-power (X400)
fields in the cortex area of each kidney section were captured
and quantified using National Institutes of Health Image]
imaging software. The positively stained area was expressed
as a percentage of the total area. In all quantitative or semi-
quantitative analysis of histological staining, at least ten

JASN m: 1-19, mmm, 2024 3
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high-power fields in each kidney were reviewed by three
nephrologists (S. Maeda, S. Sakai, and T. Yamamoto) in a
blinded manner.

Nuclear and Cytosolic/Cytoplasmic Fractionation
Kidney nuclear and cytosolic fractionation was performed
as described previously.?532

Assessment of TFEB Nuclear Localization In Vitro

TFEB was translocated to the nucleus only when nuclear
TFEB was clearly detected. The percentage of proximal
tubular epithelial cells exhibiting TFEB nuclear translocation
was determined by counting more than 100 cells from more
than ten fields.33

Assessment of Mitochondrial Function and Biogenesis

To measure mitochondrial membrane potential or reactive
oxygen species (ROS) production, proximal tubular epithe-
lial cells were cultured on 35-mm glass-bottom dishes. The
mitochondrial membrane potential was determined by
staining with 50 nM of tetramethylrhodamine ethyl ester
(Invitrogen) for 30 minutes at 37°C. To determine mitochon-
drial ROS production, cells were incubated with 0.3 mM
MitoSOX Red (Invitrogen) for 15 minutes. Fluorescent im-
ages for the above experiments were collected using an
Olympus FV3000 (Olympus, Tokyo, Japan), and the mean
fluorescent intensity in the fluorescence-positive area was
measured using ImageJ]. More than five images were col-
lected for each sample (>150 cells per sample). Relative
quantification of mtDNA copy numbers was performed as
described previously.°

Assessment of Autophagic Flux Index in Proximal Tubular
Epithelial Cells

Autophagic flux was assessed by comparing MAP1LC3B
levels with and without bafilomycin treatment as described
previously.'® The autophagic flux index is defined as the
ratio of the MAP1LC3B-II level in the presence of bafilomy-
cin Al to that in the absence of bafilomycin Al.

Quantitative Reverse Transcription-PCR and Western Blot
Analysis

Quantitative reverse transcription-PCR and western blot anal-
yses were performed as described previously.3* The sequences
of the primers used are as follows: Mlxip (F5'-TGCTACCTGC-
CACAGGAGTC-3', R5'-GACTCAAACAGTGGCTTGATGA-
3"), Txnip (F5'-TCCTCAAGATGGGTGGCAAT-3', R5'-CCGA-
GAAAGTGGTCAGGTCT-3'), Arrdc4 (F5'-CAGCCTCCTCA-
GAAGTGGAAT-3', R5'-TCAGACGGAAGCTGAAAGCG-
3’), Rubicon (F5'-CTCATCCATGACCAGGTGTG-3', R5'-GT
CGCTCTCATGCAAACTGA-3'), Pgcla (F5'-TGATGTGAAT
GACTTGGATACAGACA-3', R5'-GCTCATTGTTGTACTGG
TTGGATATG-3'), Tfam (F5'-GCGCACGGGGGTCGAGATGT-
3, R5'-TGATAGACGAGGGGATGCGA-3'), Ndufal (F5'-AT-
TATGGGGGTGTGCTTGGT-3', R5'-ATCGCGTTCCATCA-
GATACC-3'), Sdha (F5'-TTACCTGCGTTTCCCCTCAT-3,
R5'-AAGTCTGGCGCAACTCAATC-3'), Ugqcrll (F5'-ATGCT-
GAGCAGGTTTICTAGG-3', R5'-CCTTCTTAAACTTGCCGT
TG-3'), Cox4 (F5'-GCACCAATGAATGGAAGACA-3', R5'-

4 JASN

ATAGTCCCACTTGGCGGAGA-3"), Atpbo (F5'-GCACCGT
CAAAGTGAAAAGC-3', R5'-ATGCTGTGGTCACTGTG
CAT-3"), Ctsd (F5'-TCAGGAAGCCTCTCTGGGTA-3', R5'-
CCCAAGATGCCATCAAACTT-3'), Ctsb (F5'-GGCTTTGA
CTGCAGGACTTC-3’, R5'-GACAGGACCAAGGAGAGCTG-
3"), Lamp1 (F5'-GATGAATGCCAGCTCTAGCC-3', R5'-CT
GGACCTGCACACTGAAGA-3"), Hexa (F5'-ACATCTCGC-
CATTACCTGCC-3',  R5'-AAGAGTCGTCCACCAAGTGC
-3'), Uvrag (F5'-ACTAAGACTCACATCGACAAGC-3’, R5'-
GCGCTTTCTTCTGTCTTTCCAG-3'), Rrage (F5'-TTTCCT-
GGGCAGATGGACTTC-3', R5'-ATATCAATGCTCCTGTG
CCCC-3'), Rragd (F5'-GCCCCGTATGACAAGGACTC-3,
R5'-CTCTGACGAAGCAAACGAGC-3'), SQSTM1/p62 (F5'-
CCCCAGAGTCGAAGTAGCTG-3', R5'-AGTGAGAA
GAGGCTGGTGGA-3'), Mapllc3b (F5'-ACAAAGAGTGGAA
GATGTCCGGCT-3', R5'-TGCAAGCGCCGTCTGAT
TATCTTG-3'), Gdfl5 (F5'-AGTGTCCCCACCTGTATCG-3’,
R5'-TGTCCTGTGCATAAGAACCA-3'), Mcolnl (F5'-CCTAC
CATGTGAAGTTCCGCT-3", R5'-TGTCGTCTCCGT
TGATGAGTG-3'), Actb (F5'-TGACAGGATGCAGAAG-
GAGA-3', R5'-ACATCTGCTGGAAGGTGGAC-3'), Col i
(F5'-ACGCCATCAAGGTCTACTGC-3', R5'-ACTCGAACGG
GAATCCATCG-3'), Col iii (F5'-CAGCTGGCATTCCTG
GAGCCC-3’, R5'-ACCAGCTTCGCCCCGTTCAC-3'), Fibro-
nectin (F5'-ATACCGTTGTCCCAGAGGTG-3', R5'-GGAA
GAGTTTAGCGGGGTCC-3'), Havcrl /Kim1 (F5'-
TCAGCTCGGGAATGCACA-3', R5'-TGGTTGCCTTCCGT
GTCT-3'), Len2/Ngal (F5'-GGCCAGTTCACTCTGGGAAA-3’,
R5'-GGCGAACTGGTTGTAGTCC-3").

Biochemical Parameters

Blood samples were collected from mice under anesthesia.
Plasma was obtained after centrifugation (15 minutes,
3000Xrpm, 4°C), and concentrations of plasma creatinine
were determined using DICT-500 (BioAssay Systems, Hay-
ward, CA), in accordance with the manufacturer’s
instructions.

Measurement of Mitochondrial Respiratory Function

The mitochondrial oxygen consumption rate (OCR) was
measured using Seahorse XF96 analyzer (Seahorse Biosci-
ence, North Billerica, MA) as described previously with
slight modifications.?%3 Briefly, proximal tubular epithelial
cells in Seahorse XF DMEM, pH 7.4 (Agilent Technologies,
Santa Clara, CA, 103578-100) supplemented with 10 mM
glucose (Agilent Technologies, 103577-100), 1 mM pyruvate
(Agilent Technologies, 103578-100), and 2 mM L-glutamine
(Agilent Technologies, 103579-100) were stimulated with
1.5 uM oligomycin A, 1.0 uM trifluoromethoxy carbonyl-
cyanide phenylhydrazone, and 0.5 uM rotenone and anti-
mycin A using Seahorse XF Cell Mito Stress Test Kit (Agilent
Technologies, 103015-100) to determine mitochondrial ac-
tivity. OCR was analyzed with Wave software v2.6.1 (Agi-
lent Technologies) and normalized to the total protein levels
after the assay.

Kidney Biopsy Specimens

Human kidney specimens were obtained from patients who
had undergone kidney biopsy at the Osaka University Hos-
pital. Kidney biopsy specimens diagnosed with no signifi-
cant abnormal changes or benign nephrosclerosis, which is
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Figure 1. Nuclear MONDOA is decreased in proximal tubular epithelial cells of CKD patients. Correlation analysis between eGFR,
age, nuclear MONDOA, and other downstream factors, using human kidney biopsy samples. (A) Correlation of eGFR with age (left) and
the percentage of proximal tubular epithelial cells with nuclear MONDOA (right) (n=23). (B) Representative images of immunohistochemical
staining for MONDOA, RUBCN, and TFEB in kidney biopsy samples of patients with CKD, each with the indicated age, sex, and eGFR (ml/min
per 1.73 m?). Specimens were counterstained with hematoxylin. Magnified images are shown in the lower panels. Bars: 50 um. Correlation of
the percentage of proximal tubular epithelial cells showing nuclear MONDOA translocation with the percentages of proximal tubular
epithelial cells with each of the following: RUBCN in cytoplasm (left), nuclear TFEB (middle), and nuclear PGCla (right). (A and B) Rela-
tionships were examined using Pearson correlation and the corresponding P values. PGClea, peroxisome proliferator-activated receptor-y
coactivator-1a; RUBCN, run domain beclin-1-interacting and cysteine-rich domain-containing protein; TFEB, transcription factor EB.
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the representative pathological finding in the aged
kidneys.3637 Allograft biopsy specimens were derived at
the time of kidney transplantation. The percentage of prox-
imal tubular epithelial cells exhibiting MONDOA, TFEB,
and PGCla nuclear translocation and the percentage of the
immune-positive area for RUBCN were assessed in at least
five randomly selected high-power fields (X400) in the
cortex. In all immunohistochemical studies, at least five
high-power fields were reviewed by three nephrologists
(S. Maeda, S. Sakai, and T. Yamamoto) in a blinded manner.

Statistical Analyses

All results are presented as bar graphs showing mean-
s+SEM. Statistical analyses were conducted using JMP soft-
ware (SAS Institute). Multiple-group comparisons were
performed using ANOVA with post-testing using the
Tukey—Kramer test. The difference between any two exper-
imental values was assessed using the Student ¢ test when
appropriate. A one-way ANOVA followed by the Dunnett
test was used to detect intergroup differences. Statistical
significance was defined as P < 0.05. Relationships were
examined using Pearson correlation and the correspond-
ing P values.

Study Approval

All animal experiments were approved by the Animal
Research Committee of Osaka University and conformed
to the Japanese Animal Protection and Management Law
(No. 25). All human studies were approved by the In-
stitutional Review Board of Osaka University Hospital
(Institutional Review Board number 17334 and 20504)
and adhered to the Declaration of Istanbul. The clinical
and research activities being reported are consistent with
the Principles of the Declaration of Istanbul as outlined in
the Declaration of Istanbul on Organ Trafficking and
Transplant Tourism. We have complied with all of the
relevant ethical regulations, and informed consent
was obtained.

Results

MONDOA Activity Was Decreased in Proximal Tubular
Epithelial Cells of Patients with CKD

Our recent study showed that the levels of nuclear MON-
DOA were reduced in the kidneys of patients with ischemic
AKI'5 After confirming nuclear MONDOA staining in
proximal tubular epithelial cells throughout the cortex of
human kidney biopsy specimens (Supplemental Figure
1A), we first investigated the correlation between MON-
DOA and kidney function and factors associated with
MONDOA in kidney biopsy specimens diagnosed with
no significant abnormal changes or benign nephrosclerosis
(Supplemental Table 1). The mean age and eGFR of the
patients in this study were 53+ 16 years and 6128 ml/min
per 1.73 m?, respectively, and there was a negative corre-
lation between age and eGFR (Figure 1A and Supplemental
Table 2). We observed a positive correlation between eGFR
and the nuclear staining of MONDOA in proximal tubular
epithelial cells (Figure 1A). In addition, we examined the
expression of RUBCN and TFEB, both of which are down-
stream factors associated with MONDOA. RUBCN
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expression was correlated negatively with eGFR and nu-
clear MONDOA in proximal tubular epithelial cells (Figure
1B and Supplemental Figure 1, B and C). There was also a
positive correlation between nuclear MONDOA and TFEB,
and between nuclear TFEB and eGFR (Figure 1B and
Supplemental Figure 1C). Collectively, these results sug-
gest that MONDOA activity in proximal tubular epithelial
cells may be decreased in patients with CKD, along with
the downstream factor TFEB.

Transcriptional Activity of MondoA in Proximal Tubular
Epithelial Cells Was Decreased under Hypoxic/Ischemic
Conditions but Increased during Reoxygenation

We examined the time-dependent changes in MondoA tran-
scriptional activity under hypoxic/ischemic conditions and
during reoxygenation/reperfusion in proximal tubular ep-
ithelial cells. First, single-cell RNA sequencing transcrip-
tomic analysis was performed by using data of mice
subjected to bilateral IRI from a previous report.?* In the
report, a model of adaptive and maladaptive repair was
established by carefully titrating renal ischemia time in mice:
analysis of short IRI versus long IRI. The expression vari-
ability of Mlxip/MondoA gene and downstream factor
genes was shown (Figure 2A and Supplemental Figure
2A). Mlxip/MondoA gene expression was suppressed
and then gradually increased 1 day and 3-14 days post-
long IRI, respectively, especially in the S3 segments of the
proximal tubule (Figure 2A and Supplemental Figure 2B).
Furthermore, Mlxip/MondoA mRNA expression in the
kidney was suppressed 2 days post-unilateral IRI and
then gradually increased at both 1 and 3 weeks
(Figure 2B). The time-dependent changes in Arrdc4 and
thioredoxin-interacting protein, both of which are down-
stream factors of MondoA, exhibited similar trends
(Supplemental Figure 2C). To estimate the dynamics of
MondoA transcriptional activity in vitro, we subjected cul-
tured proximal tubular epithelial cells to H/R stress. The
expression levels of MondoA, Txnip, and Arrdc4, but not
Rubicon, were suppressed during hypoxia but were en-
hanced after reoxygenation in cultured proximal tubular
epithelial cells (Figure 2, C and D). To investigate whether
the above in vitro data were also relevant in humans, we
compared the expression of MONDOA between kidney
biopsy samples of human allografts obtained at the time
of kidney transplantation and those of minor glomerular
abnormalities. The expression of MONDOA was decreased
in the human allograft biopsy samples (Figure 2E and
Supplemental Table 3). Together, these results show that
transcriptional activity of MondoA in proximal tubular
epithelial cells is decreased under hypoxic/ischemic condi-
tions but is increased during reoxygenation.

Decreased MondoA Transcriptional Activity Aggravated
Kidney Injury and Impaired Autophagic Flux after IRI

To investigate the effects of suppressed MondoA transcrip-
tional activity in proximal tubular epithelial cells during
hypoxia/ischemia, we generated MondoA-deficient proxi-
mal tubular epithelial cells. Since MondoA functions as a
glucose sensor,'” 2DG drives MondoA activity by increasing
glucose-6-phosphate levels.1”:1820 We first used 2DG for the
experiment to confirm the deficiency of MondoA. 2DG
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Figure 2. Transcriptional activity of MondoA decreases under ischemic conditions but increases during reoxygenation in proximal tubular
epithelial cells. (A and B) scRNA-seq transcriptomic analysis was performed by using data of mice subjected to bilateral IRl in a previous
study.?4 (A) Dot plot showing the scaled expression of Mixip/MondoA in the proximal tubule segments at different time points after bilateral
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Figure 2. Continued. long (30 minutes) IRl. PT ST and PT S3 represent the ST and S3 segments of the proximal tubule, respectively. The
diameter of the dots corresponds to the percentage of cells expressing Mlxip/MondoA, and the density of the dots corresponds to the
average expression for all proximal tubular epithelial cells in the dataset. (B) Differential gene expression analysis between long
(30 minutes) IRI versus short (23 minutes) IRl in the ST and S3 segments of the proximal tubule across time course. (C and D) The
dynamics of MondoA transcriptional activity in cultured proximal tubular epithelial cells after H/R. The protein level of TXNIP (C) and
the mRNA levels of Mlxip, Rubicon, Txnip, and Arrdc4 (D) in cultured proximal tubular epithelial cells subjected to normoxia,
hypoxia, or H/R for the indicated periods (n=3). (C) A representative western blot image. (D) mRNA levels normalized by those of cells
cultured under normoxia for O hour. (E) Representative images of immunohistochemical staining for MONDOA in kidney biopsy
samples of patients with CKD and allograft biopsy samples of donors, each with the indicated age, sex, and eGFR (ml/min per 1.73 m?).
Specimens were counterstained with hematoxylin. Magnified images are shown in the lower panels. Bars: 50 um. Data are provided as
means*+SEM. Statistically significant differences: *P < 0.05 versus kidneys at O hour or proximal tubular epithelial cells cultured under
normoxia for 0 hour (D, one-way ANOVA followed by Dunnett test). Arrdc4, arrestin domain containing 4; H/R, hypoxia/reox-
ygenation; IRI, ischemia-reperfusion injury; MGA, minor glomerular abnormalities; MLXIP, MLX interacting protein; PT, proximal
tubule; scRNA-seq, single-cell RNA sequencing; TXNIP, thioredoxin-interacting protein.

treatment induced a significant increase in the expression of
MondoA, Arrdc4, and Txnip in wild-type proximal tubular
epithelial cells, and in each case, this expression was com-
pletely abolished by MondoA deficiency (Supplemental
Figure 3, A and B). Then, we subjected wild-type and
MondoA-deficient proximal tubular epithelial cells to H/R
stress (6 hours of hypoxia followed by 3 hours of reoxyge-
nation) with low-glucose medium. Notably, a significant
increase in the expression of Rubicon and SQSTM1/p62 was
observed in MondoA-deficient proximal tubular epithelial
cells but not in wild-type proximal tubular epithelial cells
(Figure 3A). Indeed, autophagic flux, as assessed by differ-
ences in MAP1LC3B-II levels with and without bafilomycin
A treatment, was severely impaired in MondoA-deficient
proximal tubular epithelial cells subjected to H/R stress
(Figure 3B). Furthermore, an immunofluorescence study
of LC3 and LAMP1 revealed that the numbers of autopha-
gosomes, lysosomes, and autolysosomes were decreased at
baseline, and the increases in their numbers after H/R stress
were abolished in MondoA-deficient proximal tubular
epithelial cells, indicating that MondoA contributes to
autophagy initiation and autophagosome maturation
(Supplemental Figure 3C).

Next, to investigate the role of MondoA in IRI, 8-week-
old MondoA"™" mice and MondoA""; KAP mice deficient in
proximal tubule—specific MondoA were subjected to unilat-
eral IRI. MondoA gene expression was decreased in both
sham-operated and IRI MondoA-deficient kidneys
(Supplemental Figure 4A). Periodic acid-Schiff staining
demonstrated severely injured tubules with vacuolation
and massive tubular dilation with casts in the kidney cortex
of IRI MondoA™; KAP mice compared with MondoA™*
controls (Figure 3C). IRT MondoA-deficient kidneys exhibi-
ted significant increases in the mRNA levels of the tubular
injury markers Havcr1/Kim-1 and Len2/Ngal (Figure 3D). The
number of TUNEL-positive tubular cells was prominently
increased in IRI MondoA-deficient kidneys (Supplemental
Figure 4B). Notably, bilateral IRI induced a significant in-
crease in plasma creatinine in MondoA"*; KAP mice com-
pared with MondoA™* mice (Supplemental Figure 4C).
Moreover, the expression of Rubicon and SQSTM1/p62
was increased in IRI kidneys of MondoA™F; KAP mice, in-
dicating that autophagy flux is disturbed in MondoA-de-
ficient kidneys during ischemic AKI (Figure 3E). To
precisely assess autophagic flux in vivo, GFP-MAP1LC3
transgenic MondoA™F and MondoA™"; KAP mice at 12 hours
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post-IRI were administered CQ, an inhibitor of lysosomal
acidification, 6 hours before euthanasia.’® GFP-positive dots
representing autophagosomes were rarely observed in CQ-
free MondoA™" and MondoA™*; KAP mice, and the numbers
of these dots remained unchanged by CQ administration,
suggesting that the autophagic activity in both types of mice
is low under physiological conditions. By contrast, a sub-
stantial number of dots were observed in proximal tubular
epithelial cells of CQ-free IRT MondoA™ and MondoA™”;
KAP mice. CQ administration significantly increased the
number of dots in MondoA™ mice, whereas this number
remained unchanged in MondoA™"; KAP mice; this suggests
that autophagic flux was enhanced in MondoA™F mice after
IRI, but was impaired in MondoA-deficient kidneys (Figure
3F). In IRI kidneys of MondoA™; KAP mice, electron mi-
croscopy revealed a decrease in the number of autophago-
somes and severe abnormalities in mitochondrial
morphology (Figure 3G). On the other hand, necrosis was
comparable in both groups of IRI MondoA™* and MondoA™;
KAP mice (Supplemental Figure 4D). Recent study findings,
including single cell-based transcriptomics, revealed that
VCAM1-positive failed-repair proximal tubular epithelial
cells are inflammatory proximal tubules that fail to regen-
erate after IRL.38 Increased VCAMI1 expression together with
SQSTM1/p62 was observed in the proximal tubular epithe-
lial cells of IRI MondoA™; KAP mice compared with IRI
MondoA™F mice (Supplemental Figure 4E). Collectively,
these findings indicate that decreased MondoA transcrip-
tional activity aggravates kidney injury and impairs auto-
phagic flux after IRI.

Loss of MondoA Exacerbated Hypoxia/lschemia-Induced
Mitochondrial Dysfunction

Next, since MondoA deficiency caused impaired autophagy
flux and abnormalities in mitochondrial morphology, we
examined the role of MondoA in mitochondrial function in
cultured proximal tubular epithelial cells. Loss of MondoA in
proximal tubular epithelial cells, in response to H/R, led to
decreased mitochondrial membrane potentials and in-
creased mitochondrial ROS, as assessed by tetramethylr-
hodamine ethyl ester and MitoSOX staining, respectively
(Figure 4, A and B). Mitochondrial respiration activity, as
assessed by SDH staining, was consistently somewhat
decreased in the kidneys of IR MondoA *F mice compared
with sham-operated kidneys, whereas a more prominent
decline was observed in MondoA-deficient kidneys
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Figure 3. Loss of MondoA increases Rubicon and impairs autophagic flux in proximal tubular epithelial cells during IR. The effect of
MondoA deficiency on autophagic flux and cell injury during IR or H/R was investigated using MondoA-deficient mice and cultured
proximal tubular epithelial cells. (A and B) Wild-type and MondoA-deficient proximal tubular epithelial cells were subjected to H/R.
(A) Western blot images of TXNIP, Rubicon, and SQSTM1/p62. Arrow indicates Rubicon-specific band. (B) Western blot images of
MAP1LC3B in proximal tubular epithelial cells incubated with or without bafilomycin A1 are presented. The autophagic flux index was
assessed (n=3-7 per group). (C—E) MondoA"F and MondoA™*; KAP mice were subjected to a sham operation or unilateral IRI. Images are
shown for PAS staining (C), mRNA levels of Havcr1/Kim-1 and Lcn2/Ngal (D), and western blot analysis of Rubicon and SQSTM1/p62 (E) in
the kidney cortical regions of IRI mice 2 days after unilateral IRI. (C) The tubular injury score is shown (n=4-6 per group) and (D) n=7-10 per
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Figure 3. Continued. group. (E) Arrow indicates SQSTM1/p62-specific band. (F) Autophagic flux was assessed by counting the number
of GFP-positive dots in the proximal tubules of GFP-MAPTLC3 transgenic MondoA™* or MondoA™"; KAP mice with or without CQ
administration; analysis was performed either after sham-operation or 12 hours after IRl (n1=3—4 in the sham-operated group and 3-5 in
the IRl group). The number of GFP-positive dots per proximal tubule under each condition was counted in at least ten high-power fields
(original magnification, X600), with each high-power field containing 10-15 proximal tubules. (G) Images of electron micrographs
of the kidneys of IRI mice 2 days after unilateral IRI. Arrows indicate autophagosomes. (A, B, and E) ACTB was used as loading control.
(A, B, C, F, and G) Representative images are presented. Magnified images are shown in the insets. Bars: 100 um (C), 10 um (F), and
5 um (G). Data are provided as means*=SEM. Statistically significant differences: *P < 0.05 versus treatment matched wild-type
proximal tubular epithelial cells or MondoA™" control littermates; “P < 0.05 versus sham-operated kidney in each group; **P < 0.05
versus mice with no CQ treatment (B-D, one-way ANOVA followed by Tukey-Kramer test; F, Student ttest). Control, normoxia-treated
controls; MondoA (+), wild-type proximal tubular epithelial cells; MondoA (=), MondoA-deficient proximal tubular epithelial cells;
MondoA F/F, MondoA™* mice; MondoA F/F; KAP, MondoA™"; KAP mice. ACTB, actin beta; CQ, chloroquine; DAPI, 4',6-diamidino-
2-phenylindole; GFP, green fluorescent protein; IR, ischemia-reperfusion; KAP, kidney androgen-regulated protein-Cre; PAS, Periodic

acid-Schiff; SQSTMT1, sequestosome 1.

(Figure 4C). Although MondoA delays doxorubicin-
induced cellular senescence in human retinal pigment
epithelial cells by maintaining mitochondrial function via
upregulation of Prdx3,!5 no significant differences in Prdx3
levels were observed in proximal tubular epithelial cells re-
gardless of MondoA expression (Supplemental Figure 5).
These data suggest that loss of MondoA exacerbates
hypoxia/ischemia-induced mitochondrial dysfunction.

Ablation of Rubicon in MondoA-Deficient Kidneys
Restored Autophagic Activity and Mitochondrial Function
Next, to test whether the impaired autophagic flux and
mitochondrial dysfunction observed in MondoA-deficient
proximal tubular epithelial cells were mediated by Rubicon,
we knocked down MondoA in Rubicon-deficient proximal
tubular epithelial cells (Supplemental Figure 6, A and B).
Rubicon depletion increased the autophagic flux in MondoA-
knocked down proximal tubular epithelial cells, as assessed
by the difference in MAPILC3B-II with and without
bafilomycin A treatment (Figure 5A). In addition, to
investigate the role of increased Rubicon in IRI MondoA-
deficient kidneys, we newly generated proximal
tubule-specific MondoA-deficient and Rubicon-deficient
MondoA™; Rubicon™; KAP (double knockout [DKO])
mice and subjected them to IRI. The protein levels of Ru-
bicon and SQSTM1/p62 were decreased in IRI DKO mouse
kidneys (Figure 5B). Periodic acid—Schiff and SDH staining
and electron microscopy demonstrated that compared with
MondoA™* ; KAP mice, DKO mice showed significant im-
provements in tubular injury, mitochondrial function, and
autophagosome maturation in IR kidneys (Figure 5, C-E).
IRI DKO mouse kidneys exhibited significant decreases in
the mRNA levels of the tubular injury markers Havcr1/Kim-1
and Lcn2/Ngal (Supplemental Figure 6C). Thus, ablation of
Rubicon in MondoA-deficient kidneys restores autophagic
activity and mitochondrial function.

Loss of MondoA during the Recovery Phase after IR
Aggravated Kidney Injury with Downregulation of the
TFEB-PGCla Axis

Next, on the basis of the dynamics of MondoA, we hypoth-
esized that MondoA reactivation 1-week post-IRI plays a
protective role during the recovery phase after AKI and
prevents the AKI-to-CKD transition. To test this hypothesis,
we newly generated tamoxifen-inducible proximal
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tubule—specific MondoA-deficient mice. Tamoxifen was ad-
ministered 1 and 4 days after the IR operation, and the time-
dependent reduction in MondoA expression was confirmed
in MondoA-deficient kidneys from 5 days to 3 weeks post-IRI
(Figure 6, A and B). SDH and Masson trichrome staining,
immunostaining for COL1A1, and mRNA levels of fibrosis
markers demonstrated that loss of MondoA during the re-
covery phase after IR led to mitochondrial dysfunction, more
severe tubular injury, and interstitial fibrosis 3 weeks post-IRI
(Figure 6, C-E, and Supplemental Figure 7, A and B). Next,
we explored the mechanism by which MondoA reactivation
protects against AKI-to-CKD transition by focusing on TFEB
and mTOR kinase complex 1 (mTORC1) because in Caero-
rhabditis elegans, MondoA is required for the activation of
TFEB, a central regulator of lysosome biogenesis and auto-
phagy, and MondoA is also known to inhibit the mTORC1
and enhance TFEB activity.!*3° In MondoA-deficient kidneys,
TFEB nuclear translocation was significantly inhibited, and
the protein levels of pRPS6, a downstream target of mTOR
activity, were upregulated (Figure 6F and Supplemental
Figure 7, C and D). We next focused on PGCla, a known
key regulator of mitochondrial biogenesis, as PGCla cis-
regulatory region bears the coordinated lysosomal expres-
sion and regulation motif, thereby allowing direct regula-
tion by TFEB.39#! PGCla expression and mRNA levels of
mitochondria-related genes were significantly reduced
1 week post-IRI in MondoA-deficient kidneys (Figure 6G
and Supplemental Figure 7E). Similarly, hyperactivation of
the mTORC1 pathway and downregulation of the TFEB-
PGCla axis were observed in cultured MondoA-deficient
proximal tubular epithelial cells after H/R (Supplemental
Figure 7, F-H). Collectively, loss of MondoA during the
recovery phase after IR aggravates kidney injury with
downregulation of the TFEB-PGCla axis. Moreover, anal-
ysis of human kidney biopsy samples showed that nuclear
PGCla correlated positively with nuclear MONDOA and
eGFR (Figure 1B, Supplemental Figure 1, B and C). To-
gether, these results indicate that MondoA is associated
with the TFEB-PGCla axis in both mice and humans.

Pharmacological Upregulation of the TFEB-PGC1a Axis
Mitigated the AKI-to-CKD Transition in MondoA-Deficient
Kidneys

Finally, we assessed whether pharmacological upregulation
of the TFEB-PGCla axis during the recovery phase could
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Figure 4. Loss of MondoA exacerbates H/R or IR-induced mitochondrial dysfunction in proximal tubular epithelial cells. The mitochondrial
membrane potential (A) and the ROS production (B) of wild-type or MondoA-deficient proximal tubular epithelial cells subjected to H/R were
assessed by TMRE and MitoSOX Red staining, respectively. Quantitative data of relative intensity are shown. More than 150 cells were
quantified under each condition. (C) Representative images of SDH staining in the kidney cortical regions of MondoA™" control and MondoA™;
KAP mice 2 days after sham operation or unilateral IRl (n=4-6 in each group). The relative staining intensity is shown. (A and C) The mean
values for wild-type proximal tubular epithelial cells without H/R and for the sham-operated kidney cortical regions of MondoA™ mice are
expressed as 1. Magnified images are shown in the insets. Bars: 10 um (A and B) and 200 um (C). Data are provided as means=SEM. Statistically
significant differences: *P < 0.05 versus treatment-matched wild-type proximal tubular epithelial cells or MondoA™ control littermates;
#P < 0.05 versus normoxia-treated proximal tubular epithelial cells or sham-operated kidneys in each group (A-C, one-way ANOVA followed
by Tukey—Kramer test). Control, normoxia-treated controls; MondoA (+), wild-type proximal tubular epithelial cells; MondoA (—), MondoA-
deficient proximal tubular epithelial cells; MondoA F/F, MondoA ¥ mice; MondoA F/F; KAP, MondoA *; KAP mice. ROS, reactive oxygen
species; SDH, succinate dehydrogenase; TMRE, tetramethylrhodamine ethy! ester.

mitigate the AKI-to-CKD transition in tamoxifen-induced nuclear translocation,?? increased TFEB nuclear transloca-
MondoA-deficient mice. Trehalose, a natural disaccharide tion as shown in western blot analysis and an immunoflu-
(a,a-1,1-glucoside) that has been reported to enhance TFEB  orescence study and also increased the expression of Tfeb
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Figure 5. Loss of Rubicon in MondoA-deficient mice alleviates IRI by restoring autophagic activity. The effect of genetic ablation of
Rubicon on IRl was investigated in MondoA-deficient kidneys. (A) Wild-type or Rubicon-deficient proximal tubular epithelial cells were
knocked down for MondoA by shRNA, followed by H/R. Western blot images of MAP1LC3B in proximal tubular epithelial cells incubated
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Figure 5. Continued. with or without bafilomycin A1 are presented. The autophagic flux index was assessed (n=4 per group).
(B—E) MondoA™, MondoA™F; KAP, and MondoA™"; Rubicon™"; KAP (DKO) mice were subjected to unilateral IRI. (B) Representative
western blot images of Rubicon and SQSTM1/p62. Arrow indicates SQSTM1/p62-specific band. The relative amount of Rubicon
protein was determined by densitometric analysis. Representative images of PAS (C) and SDH (D) staining and electron micrographs
(E) of kidney cortical regions 2 days after unilateral IRl (n=7-11 per group). The tubular injury score (C) and the relative staining
intensity (D) are shown. (E) Arrows indicate autophagosomes. Magnified images are shown in the insets. Bars: 100 um (C), 200 um (D),
5 pwm (E, left), and 1 um (E, right). Data are provided as means=SEM. (B and D) The mean value for IRI kidney cortical regions of
MondoA™* mice is expressed as 1. Statistically significant differences: *P < 0.05 versus MondoA-deficient and Rubicon-expressing
proximal tubular epithelial cells or MondoA™"; KAP mice (A, one-way ANOVA followed by Tukey—Kramer test; B-D, Student  test).
Rubicon (=), Rubicon-deficient proximal tubular epithelial cells; MondoA F/F, MondoA™ mice; MondoA F/F; KAP, MondoA™; KAP mice;
MondoA F/F; Rubicon F/F; KAP, MondoA™; Rubicon™; KAP (DKO) mice. DKO, double knockout; ShRNA, short hairpin RNA.

target genes in cultured proximal tubular epithelial cells
regardless of MondoA expression (Figure 7, A and B and
Supplemental Figure 8A). Next, MondoA™F and MondoA™¥;
NDRGI1 mice were subjected to sham operation or unilat-
eral IRI, followed by intraperitoneal injection of tamoxifen
and vehicle or trehalose (Supplemental Figure 8B). Treha-
lose administration induced TFEB nuclear translocation in
IR-subjected, tamoxifen-inducible, proximal
tubule-specific MondoA-deficient mice (Figure 7C). Fur-
thermore, PGCla expression was increased by trehalose
both in MondoA™ and MondoA™F; NDRG1 mice (Figure
7D and Supplemental Figure 8C). Trehalose mitigated
tissue damage, kidney fibrosis, and mitochondrial dys-
function 3 weeks post-IR in MondoA™ ; NDRG1 mice (Fig-
ure 7, E-G and Supplemental Figure 8, D and E). We next
performed experiments using ZLN005, a PGCla activator.
It has been reported to protect progression of CKD by
activating PGCla pathway in ischemic nephropathy.4243
ZLNOO5 treatment increased the mRNA levels of Pgcla in
cultured proximal tubular epithelial cells regardless of
MondoA expression (Supplemental Figure 9A). ZLN005
administration improved kidney fibrosis and mitochon-
drial dysfunction 3 weeks post-IR in MondoA™*; NDRG1
mice (Supplemental Figure 9, B-E). Mitochondrial DNA
copy numbers were significantly reduced in MondoA-de-
ficient kidneys 3 weeks post-IRI, while they improved with
Trehalose and ZLNOQO5 treatment (Supplemental Figure
9F). These findings suggest that reactivation of MondoA
after IRI mitigates the AKI-to-CKD transition by upregu-
lating the TFEB-PGCla axis.

Discussion

In this study, we found that MONDOA activity in the
proximal tubular epithelial cells of patients with CKD
decreased in parallel with reduced eGFR and that hypoxia
strongly reduced MONDOA nuclear localization in human
kidneys. In addition, we demonstrated that MondoA pro-
tected against AKI and the AKI-to-CKD transition by two
different mechanisms, depending on the phase after IRI: in
the acute phase, MondoA suppressed Rubicon, which im-
proves autophagy and maintains mitochondrial integrity,
consequently alleviating AKI; by contrast, during the re-
covery phase, MondoA reactivation counteracted the AKI-
to-CKD transition by increasing mitochondrial biogenesis
via the TFEB-PGCla axis, thereby promoting tubular re-
covery. These mechanisms may explain the vulnerability to

AKI and the increased risk of disease progression in pa-
tients with CKD. A simple schematic drawing is shown in
Figure 8.

Our extensive analysis of human kidney samples
showed that MONDOA expression in proximal tubular
epithelial cells decreased with declining eGFR and was also
diminished under ischemic conditions. Given that the kid-
neys are susceptible to hypoxic conditions in patients with
CKD,*445 hypoxia emerges as a common factor contribut-
ing to the reduced MondoA activity observed across these
pathological states, as illustrated in Figure 8. The hypoxia-
induced alterations in glucose and lipid metabolism and
intracellular pH*® may influence MondoA expression in a
complex manner, because MondoA, acting as a glucose-
sensing transcription factor,!” orchestrates intricate cellular
metabolic processes, including glycolysis and cell
growth.4”48 Indeed, loss of MondoA in proximal tubular
epithelial cells led to mitochondrial dysfunction as as-
sessed by OCR (Supplemental Figure 10A). Considering
that MondoA also influences the expression of PGCle, a
crucial factor in metabolic pathways, future investigations
should explore the complicated relationship between hyp-
oxia, MondoA decline, and defective metabolism in kid-
ney diseases.

Our observation of diminished MONDOA expression in
patients with CKD implies that the insights obtained from
genetically engineered, proximal tubule-specific, MondoA-
deficient mouse models are applicable for clarifying the
pathophysiology of patients with CKD. Here, we have un-
covered the pivotal role of MondoA in suppressing Rubicon
during the acute phase after IRI. Ablation of Rubicon in
MondoA-deficient kidneys restored autophagic activity and
mitochondrial function, demonstrating that Rubicon inhi-
bition may be crucial for reducing the vulnerability to AKI,
especially in patients with CKD, as illustrated in Figure 8.
Furthermore, accumulating evidence has shown that sup-
pressing excessive Rubicon could be protective in diverse
pathological conditions such as nonalcoholic fatty liver dis-
ease, myocardial IRI, diabetic nephropathy, and organismal
aging,*°-52 making Rubicon an attractive therapeutic target
for a variety of age-related diseases. Our study highlighted
the role of MondoA in suppressing Rubicon in proximal
tubular epithelial cells (Figure 1B), although the detailed
mechanism by which Rubicon expression levels are regu-
lated requires further investigation in the future.

Another important finding is that MondoA activity retains
its significance during the recovery phase. Induced deletion of
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Figure 6. MondoA reactivation counteracts the AKI-to-CKD transition via the TFEB-PGC1a axis. To genetically inhibit MondoA reactivation,
MondoA™" and MondoA™; NDRG1 mice were subjected to a sham operation or unilateral IRI, followed by intraperitoneal tamoxifen injection 1
and 4 days after the operation. (A) Experimental protocol. Kidneys were harvested and assessed at the indicated time points after IRI. (B) The mRNA
levels of Mixip/MondoA in kidney cortical regions are shown at the indicated time points after IRl (n=3-4 [sham, 2 and 5 days], and 7-9 [1 and 3
weeks]). (C-C) Representative images of SDH staining (C), Masson trichrome staining (D), and immunostaining for COL1A1 (E), TFEB (red) (F), and
PGCla (G) in kidney cortical regions either 1 (Fand G) or 3 (C—E) weeks after the operation (n=8-9 in each group (C-F), n=5-6 in each group (G).
(C) The relative intensity of SDH was assessed in at least five high-power fields (X400). The mean value for the sham-operated kidney of MondoA™
mice is expressed as 1. (E) The COL1AT1-positive area was assessed as a percentage in at least five high-power fields (X200). (F) Kidney sections were
counterstained with DAPI (blue). The percentage of proximal tubular epithelial cells with TFEB nuclear translocation was counted in at least ten
high-power fields (X600). (G) Sections were counterstained with hematoxylin. Magnified images are shown in the insets. Bars: 200 um (C), 100 wm
(D, E, and G), and 40 um (F). Data are provided as means+SEM. Statistically significant differences: *P< 0.05 versus treatment-matched MondoA™
control littermates; “P < 0.05 versus sham-operated kidney in each group (B, Student ttest; C-G, one-way ANOVA followed by Tukey—Kramer test).
MondoA F/F, MondoA™ mice; MondoA F/F; NDRG1, MondoA™; NDRG1 mice. NDRG1, N-myc downstream-regulated gene 1.
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Figure 7. Pharmacological upregulation of the TFEB-PGC1« axis mitigates the AKI-to-CKD transition in MondoA-deficient kidneys. (A and B)
Wild-type and MondoA-deficient proximal tubular epithelial cells were cultured with or without the indicated concentrations of trehalose.
Representative images of western blot analysis (A) and immunofluorescence staining (B) of TFEB. (C-G) MondoA™" and MondoA™; NDRG1
mice were subjected to a sham operation or unilateral IRI, followed by injections of tamoxifen 1 and 4 days after the operation and trehalose
three times a week. Representative images of immunostaining for TFEB (red) (C) and PGCla (D), Masson trichrome staining (E), immuno-
histochemical staining for COLTAT (F), and SDH staining (G) in kidney cortical regions were obtained 1 (C and D) or 3 (E-G) weeks after the
operation with or without trehalose treatment (n=4-6 per group). (C) Kidney sections were counterstained with DAPI (blue). The percentage of
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Figure 7. Continued. proximal tubular epithelial cells with TFEB nuclear translocation was counted in at least ten high-power fields
(X600). (D and F) Sections were counterstained with hematoxylin. (F) The COLTAT-positive area was assessed as a percentage in at
least five high-power fields (X200). (G) The relative intensity of SDH was assessed in at least five high-power fields (X400). The mean
value for the IRI kidney cortical regions of MondoA™" mice is expressed as 1. Magnified images are shown in the insets. Bars: 10 um (B),
40 um (C), 100 um (D-F), and 200 uwm (G). Data are provided as means+SEM. Statistically significant differences: “P < 0.05 versus
sham-operated kidney in each group; **P < 0.05 versus IRl kidney in each group (C, F, and G, one-way ANOVA followed by
Tukey—Kramer test). MondoA (+), wild-type proximal tubular epithelial cells; MondoA (—), MondoA-deficient proximal tubular
epithelial cells; control, without trehalose; Tre, trehalose; MondoA F/F, MondoA™F mice; MondoA F/F; NDRG1, MondoA™; NDRG1

mice. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

MondoA in proximal tubular epithelial cells after AKI exac-
erbated mitochondrial dysfunction, tubular injury, and in-
terstitial fibrosis 3 weeks post-IRI, demonstrating that
MondoA reactivation counteracts the AKI-to-CKD transition,
as illustrated in Figure 8. Mechanistically, we found that
tubular recovery is promoted by mitochondrial biogenesis
via the TFEB-PGCla axis. Current studies present conflict-
ing information on the role of autophagy during the re-
covery phase, some demonstrating that it slows CKD
progression 5354 and others reporting that it exacerbates
CKD progression.>>5¢ By contrast, PGCla has emerged
as a pivotal factor in mitochondrial biogenesis during the
recovery phase,®”->8 with roles in regulating fatty acid beta-
oxidation, maintaining mitochondrial function,>® and exert-
ing mutual transcriptional control with TFEB.6%-62 Indeed,
pharmacological upregulation of the TFEB-PGCla axis was
sufficient to mitigate CKD progression in MondoA-deficient
kidneys, making the TFEB-PGCla axis an attractive ther-
apeutic target as well. Our findings clearly show that
MondoA is generally protective against AKI and the
AKI-to-CKD transition.

i Acute phase

As there remains a possibility that the interrelationship of
the two axes (MondoA-Rubicon and MondoA-TFEB) is not
serial but parallel, we investigated the potential relation
between MondoA and TFEB during the acute phase. The
nuclear translocation of TFEB was not increased in the
kidneys 2 days after IRT MondoA™" mice compared with
sham-operated kidneys (Supplemental Figure 10B). The lack
of increased nuclear translocation of TFEB is consistent with
the fact that MondoA gene expression is also decreased in
the kidneys of IRT MondoA™ mice during the acute phase. In
addition, the nuclear translocation of TFEB in MondoA-de-
ficient IRI kidneys was not significantly different compared
with that of MondoA™ 1IRI kidneys, suggesting that
MondoA-TFEB axis does not have a significant effect during
the acute phase (Supplemental Figure 10, B and D). On the
other hand, we examined the potential relation between and
MondoA and Rubicon during the recovery phase after IRL
Rubicon expression was increased in MondoA-deficient IRI
kidneys (Supplemental Figure 10C). These findings suggest
that the two axes may be parallel. However, there is no
increase in Rubicon expression in Tfeb-deficient IRI kidneys,

Recovery phase
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Figure 8. MondoA ameliorates AKI by increasing autophagic flux and prevents transition to CKD by promoting mitochondrial biogenesis.
Schematic illustration of this study. The transcriptional activity of MondoA is suppressed in CKD patients and under hypoxic conditions. It is
enhanced after reoxygenation: (7) MondoA activity induces autophagy because of decreased Rubicon and (2) MondoA reactivation counteracts
the AKI-to-CKD transition through mitochondrial biogenesis via the TFEB-PGCla axis. In elderly individuals or patients with CKD, the
excessive expression of Rubicon because of decreased MondoA levels suppresses autophagy and exacerbates AKI on CKD after the acute phase
of kidney injury. On the other hand, the reactivation of MondoA during the recovery phase of kidney injury leads the TFEB-PGC1e axis to
sustain mitochondrial biogenesis. The use of a TFEB activator to target the MondoA-TFEB-PGC1a axis in elderly individuals or patients with
CKD may hold promise in attenuating the progression to CKD during the recovery phase of kidney injury.
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indicating that the MondoA-TFEB axis, independently of
Rubicon, is protective against the AKI-to-CKD transition
during the recovery phase (Supplemental Figure 10, C
and D).

Of note, however, it is still unclear whether inducing
MondoA overexpression during the acute and recovery
phase of AKI is protective or not, because MondoA
overexpression may increase the expression of Txnip,
which is regulated by the other transcription factor,
carbohydrate-response element-binding protein.48.63 In
particular, Txnip and carbohydrate-response element-
binding protein are harmful in the context of diabetic
kidney disease.®*-> Thus, interventions targeting down-
stream factors, such as Rubicon inhibition and TFEB
upregulation, can safely ameliorate these pathologi-
cal conditions.

In conclusion, we report that MondoA plays a pivotal
regulatory role in enhancing autophagy by suppressing
Rubicon in the acute phase after AKI, while it promotes
the TFEB-PGCla pathway to sustain mitochondrial biogen-
esis during the recovery phase. These findings should pave
the way for novel treatments for AKI and uncover strategies
for protecting against the AKI-to-CKD transition.
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